Abstract: Four somatic hybrids derived from a diploid wild species Solanum etuberosum and a diploid tuber-bearing Solanum clone 463-4, together with five BC 1 and three BC 2 plants, were analyzed by genomic in situ hybridization (GISH). None of the four somatic hybrids had the expected chromosome constitutions, i.e., 24 chromosomes from each fusion parent. Either one chromosome from S. etuberosum or one from the potato parent 463-4 was lost in the hybrids. Three BC 1 plants had exactly one set of S. etuberosum chromosomes. The other two BC 1 plants either had one extra or one fewer S. etuberosum chromosome, possibly because their somatic hybrid parents had an extra or had lost one S. etuberosum chromosome. The presence of one set, or close to one set, of S. etuberosum chromosomes in all BC 1 plants suggests a preferential pairing and segregation of the S. etuberosum chromosomes in the somatic hybrids. Two of the three BC 2 plants had 52 chromosomes, deviating significantly from the expected chromosome number of 48. These results suggest poor pairing between S. etuberosum and S. tuberosum chromosomes in the BC 1 plants. The present study demonstrates the importance of combining GISH and DNA marker analysis for a thorough characterization of potato germplasm containing chromosomes from different species.
Introduction
The non-tuber-bearing wild species Solanum etuberosum (2n = 2x = 24) is immune or highly resistant to potato virus Y (PVY), potato virus X (PVX), and potato leaf roll virus (PLRV), and is tolerant to frost (Hanneman and Bamberg 1986) . However this species cannot be readily crossed with cultivated potato (S. tuberosum) because of their differences in endosperm balance number (EBN) (Johnston and Hanneman 1982) . To incorporate the valuable traits into cultivated potato, somatic hybrids between S. etuberosum and a sexual hybrid between a haploid potato line and S. berthaultii were produced by protoplast fusion (Novy and Helgeson 1994a) . These somatic hybrids bear tubers (Novy and Helgeson 1994a) and are resistant to PVY (Novy and Helgeson 1994b) . The BC 1 progenies derived from the somatic hybrids showed marked improvements in tuber characteristics and three of the five BC 1 plants were resistant to PVY Helgeson 1994a, 1994b ).
An effective technique for identifying S. etuberosum chromatin is essential to track the introgression of S. etuberosum chromosome(s) or chromosome segment(s) carrying the virus resistance genes into cultivated potato. By restriction fragment length polymorphism (RFLP) analysis, Novy and Helgeson (1994a) demonstrated that the somatic hybrids and their backcross progenies contained some portion of both the wild species and potato chromosomes based on the polymorphism of hybridization bands from gel-blot hybridization. However, the results from molecular marker analyses only reveal very fine chromosomal regions. A large number of markers that represent different chromosomal regions would have to be used to analyze a complete chromosome. Chromosomes in Solanum species are small and are similar in size. Classical banding techniques do not give a sufficient number of characteristic bands for reliable chromosomal identification (Mok et al. 1974) . Therefore, conventional cytogenetic techniques will not be practical for identifying S. etuberosum chromosomes in the potato background.
GISH (genomic in situ hybridization) is a technique used to differentiate chromosomes from different species by DNA in situ hybridization. This technique is effective in distinguishing chromosomes from different plant genomes (Jiang and Gill 1994) . Wilkinson et al. (1995) demonstrated that GISH can be applied to the small chromosomes from the Solanum species. In this report we analyzed the chromosomal constitutions of four somatic hybrids derived from S. etuberosum, S. tuberosum, and S. berthaultii and several corresponding backcross progenies by GISH. We demonstrated that combining molecular marker techniques with GISH analysis provides a comprehensive characterization of plant germplasm containing chromosomes from different species.
Materials and methods

Plant materials
The four somatic hybrids used in the present study were from protoplast fusion of a PVY-resistant S. etuberosum clone of PI 245939 and a diploid hybrid 463-4, which was derived from a cross between S. tuberosum haploid (2n = 2x = 24) clone US-W 730 and an S. berthaultii (2n = 2x = 24) clone (PI 265857) (Novy and Helgeson 1994a) . The first backcross progenies were produced by pollinating the somatic hybrids with pollens from tetraploid S. tuberosum cultivars Katahdin or Atlantic. One of the BC 1 clone P2-3 was further backcrossed to 'Atlantic' to produce the second backcross progenies.
Genomic in situ hybridization
Genomic DNA was isolated from S. etuberosum (PI 245939) and S. tuberosum cultivar Katahdin by grinding 5 g of young leaf tissue in liquid nitrogen and then mixing the powder with 15 mL of 2× CTAB (hexadecyltrimethylammonium bromide) solution. After incubation at 60°C for 1 h, an equal volume of chloroformisoamyl alcohol (24:1) was added, and the mixture was centrifuged for 10 min at 10 000 rpm. The resultant supernatant was filtered through miracloth (Sigma) and precipitated in an equal volume of cold isopropanol. The DNA was then pelleted, washed with 70% ethanol, dried, and resuspended in TE buffer. In GISH analysis, the S. etuberosum genomic DNA was labeled with biotin-16-dUTP (Boehringer Mannheim) by standard nick-translation reactions. Potato genomic DNA, sheared to approximately 500 base pairs (bp), was added to the hybridization mixture to block cross-hybridization of the S. etuberosum probe to potato chromosomes. Plasmid pTa71 was used to detect the nucleolar organizer regions (NORs). pTa71 was cloned from wheat and contains the coding sequences for 18S-5.8S-26S rRNA genes (Gerlach and Bedbrook 1979) .
Root tips were harvested from young greenhouse-grown plants of the somatic hybrids and backcross progenies, pretreated in 0.05% colchicine at 4°C for 5 h, fixed in a 3:1 solution of ethanol -acetic acid for 1 week, and squashed on glass slides with 45% acetic acid. The GISH technique was according to published protocols (Le et al. 1989; Schwarzacher et al. 1989 ) with minor modifications for potato chromosomes. The slide-bound chromosomal DNA was dehydrated in ethanol and denatured in 70% formamide at 80°C for 1.5 min. Ten microlitres of denatured hybridization mixture containing 20 ng of labeled probe DNA, approximately 1 µg of blocking DNA, 50% formamide, 10% dextran sulfate, 2× SSC, and 10 µg of sheared salmon sperm DNA was applied to each slide. After 24 h hybridization at 37°C and 15 min posthybridization washing in 2× SSC at 42°C, the hybridization signals were detected with a fluorescein isothiocyanate (FITC)-conjugated anti-biotin antibody (Vector). Propidium iodide (PI) in an antifade solution (Vector) was used to counterstain the chromosomes.
After hybridization and detection, slides were examined under an Olympus BX60 fluorescence microscope. Counterstained chromosomes and hybridization signals were captured separately using a SenSys CCD (charge-coupled device) camera (Photometrics), and then merged using an IPLab Spectrum software (Signal Analytics, v. 3.1.1).
Results and discussion
Somatic hybrids
The somatic hybrids were previously characterized using 25 RFLP probes (with 2-3 probes on each of the 12 chromosomes) which were polymorphic between the two fusion parents S. etuberosum and clone 463-4 (Novy and Helgeson 1994a) . Based on the presence of the diagnostic bands for the two parents, it was inferred that both parental genomes were present in all the 14 somatic hybrids analyzed, with 5 somatic hybrids missing 463-4-specific band(s) from one or two probes (Novy and Helgeson 1994a) . Since the RFLP data can only reveal the defined regions containing the markers analyzed, markers were chosen which were well-separated on the potato linkage groups (Novy and Helgeson 1994a) . However, the presence of a marker does not distinguish between one or two copies of a particular chromosome. Also, the absence of a marker could be the result of a deletion rather than missing a complete chromosome. For that reason, it was of interest to analyze these materials using the GISH technique.
Four somatic hybrids (Table 1) were analyzed by GISH. Solanum etuberosum genomic DNA was labeled as a probe to hybridize in situ to the metaphase chromosomes from the somatic hybrids. By adjusting the hybridization conditions, especially the ratio of probe DNA and blocking DNA, chromosomes from the two fusion parents S. etuberosum and clone 463-4 were well differentiated in colors, which gave a direct and unambiguous detection of S. etuberosum chromosomes (Figs. 1A and 1B) .
Based on RFLP analysis, somatic hybrids 2-3-10A, 2-9-3B, and 2-7-4D contained at least one complete set of chromosomes from each fusion parent (Novy and Helgeson 1994a) . However, the GISH results revealed that 2-3-10A had 25 chromosomes from S. etuberosum and 23 chromosomes from clone 463-4 (Fig. 1A) ; 2-9-3B had 23 from S. etuberosum and 25 from clone 463-4 (Fig. 1B) ; and 2-7-4D had 24 from S. etuberosum and 23 from clone 463-4 (data not shown). None of these hybrids had the exact chromosome constitution expected, i.e., 24 chromosomes from each fusion parent (Table 1) . Either a chromosome from S. etuberosum or one from clone 463-4 was lost or gained during the generation of the somatic hybrids. The GISH results indicated that missing one of the two members of a particular homologue was difficult to detect by RFLP analysis.
RFLP analysis indicated that somatic hybrid 2-7-4A lost a 463-4-specific band from probe TG68 (Novy and Helgeson 1994a) . GISH analysis showed that 24 of the 48 chromosomes from 2-7-4A were labeled by the S. etuberosum probe ( Table 1 ), suggesting that this somatic hybrid did not lose any chromosome from the 463-4 parent. However, it is possible that a small chromosome segment containing marker TG68 was deleted in the hybrid, and this segment is too small to detect by GISH.
The differences between results with RFLP and GISH analyses with reference to genetic constitutions of somatic hybrids demonstrates the importance of the combined application of these two methods. While RFLP analysis focus on fine chromosomal regions, GISH provides information at the chromosome level, but may not detect small deletions. The combination of the two techniques resulted in a more thorough characterization of these materials.
In the somatic hybrids between S. tuberosum and S. phureja, Pijnacker et al. (1987) noticed preferential elimination of the two nucleolus organizing (NOR) chromosomes. We were interested to find out whether the missing chromosomes, either from S. etuberosum or from 463-4, in the somatic hybrids are NOR chromosomes. The four somatic hybrids were analyzed by in situ hybridization using DNA probe pTa71, which contains the coding sequences for 5.8S-18S-26S rRNA genes. Somatic hybrids 2-3-10A and 2-7-4D had four strong hybridization signals, indicating the presence of four NOR chromosomes as expected (Fig. 1C for 2 -3-10A, data not shown for 2-7-4D). This result suggests no preferential elimination of NOR chromosomes. Somatic hybrids 2-9-3B (Fig. 1D ) and 2-7-4A (data not shown) showed three large and one relatively small hybridization signals. It was not known if the smaller signal on one of the four NOR chromosomes resulted from the chromosome rearrangement(s) as reported in S. tuberosum + S. phureja somatic hybrids (Pijnacker et al. 1987) or from delayed condensation as observed in S. tuberosum + S. brevidens somatic hybrids (McGrath and Helgeson 1998).
The first backcross progenies
The chromosomes from the two fusion parents belong to A (S. tuberosum and S. berthaultii) and E (S. etuberosum) genomes, respectively (Matsubayashi 1991 ). If we assume that the chromosomes from the two parents pair preferentially and segregate independently, we would expect most of the BC 1 plants to have 12 chromosomes from S. etuberosum and 36 chromosomes from potato. Five BC 1 plants were analyzed by GISH (Table 1) . Three BC 1 plants P2-1, P2-4, and P2-5, had the expected chromosome constitutions (Fig. 1E for P2-1, data not shown for the others). BC 1 plant P2-2, had 49 chromosomes, with 13 chromosomes from S. etuberosum (Fig. 1F) . The somatic hybrid parent of this plant, 2-3-10A, has 25 S. etuberosum chromosomes ( Fig. 1A ; Table 1 ). It is likely that the extra S. etuberosum chromosome in 2-3-10A was transmitted to P2-2. BC 1 plant P2-3 had 48 chromosomes, 11 of which were from S. etuberosum (Fig. 1G) . The somatic hybrid parent of this plant, 2-9-3B, has only 23 S. etuberosum chromosomes ( Fig. 1B ; Table 1 ). Thus, the missing chromosome in P2-3 is likely the same one lost in 2-9-3B. Three of the BC 1 plants P2-1, P2-2, and P2-3 were analyzed previously with RFLPs (Novy and Helgeson 1994a) . Loss of S. etuberosum specific band(s) was not observed for clones P2-1 and P2-2 from analysis of 25 RFLP probes. Chromosome constitutions of these two clones as indicated by GISH analysis supports the RFLP results. Clone P2-3 missed three RFLP markers specific to chromosomes 2, 7, and 11. However, the other markers specific to those three chromosomes were present in this plant, suggesting that at least part of these three chromosomes are present in this clone. GISH results showed that there were only 11 S. etuberosum chromosomes in P2-3. The contradictory results from the two different techniques suggest that one or few recombinant chromosomes may be present in this clone. The S. etuberosum chromosomal segments of these chromosomes are possibly too small to be detected using the GISH technique.
Among the five BC 1 plants investigated, three have exactly one set of S. etuberosum chromosomes. The other two plants either had one extra or one fewer S. etuberosum chromosome, but this can be well explained by the chromosomal constitutions of their somatic hybrid parents. The presence of a single set, or close to a single set, of S. etuberosum chromosomes in all the BC 1 plants indicates a preferential pairing and independent segregation of the S. etuberosum chromosomes in the somatic hybrids.
The second backcross progenies
Three BC 2 plants, which were produced from BC 1 clone P2-3 by using a tetraploid S. tuberosum cultivar Atlantic as a recurrent parent, were analyzed by GISH (Table 1 ). The 11 S. etuberosum chromosomes from P2-3 segregated among the BC 2 progenies. Six, seven, and eight S. etuberosum chromosomes were detected in BC 2 clones 5-31-5 (Fig. 1H) , 6-5-5 (Fig. 1I) , and 6-21-3 (data not shown), respectively. All three of the BC 2 progenies examined with GISH were successfully used as parents this past winter to produce the BC 3 generation. Currently in the greenhouse, we have 233 BC 3 progenies representing eight different families. Our ultimate goal is to develop potato clones containing a single S. etuberosum chromosome. Once a complete set of 12 such monosomic addition or substitution lines is established, it will be possible to locate the virus resistance genes on specific S. etuberosum chromosome(s). Such clones can also be used as germplasm directly in potato-breeding programs.
Solanum brevidens is also a non-tuber-bearing diploid species and shares the same genome as S. etuberosum (Matsubayashi 1991) . Pairing between potato and S. brevidens chromosomes was observed based on cytological observation (Williams et al. 1993 ) and was also indicated based on both RFLP and RAPD (randomly amplified polymorphic DNA) analyses (Williams et al. 1993; McGrath et al. 1994 McGrath et al. , 1996 . Thus it is expected that the S. etuberosum chromosomes will have a similar probability to pair with S. tuberosum chromosomes, especially in BC 1 plants in which the single set of S. etuberosum chromosomes have no chance for preferential pairing. However, if the 11 S. etuberosum chromosomes paired well with their partners from S. tuberosum or S. berthaultii in the BC 1 plant P2-3, it would be expected the chromosome numbers of the BC 2 clones to be close to 48. However, two of the three BC 2 clones analyzed have 52 chromosomes (Table 1; Figs. 1H and 1I). The chromosome number deviations from the expectation suggest that the pairing of S. etuberosum chromosomes with their partners from potato is limited. The chromosomes from potato in BC 1 plants may preferentially pair with each other, resulting in S. etuberosum chromosomes as univalents. Random segregation of the univalents may contribute to the chromosome number deviation of BC 2 plants. Another interesting observation was that no recombinant and (or) translocation chromosomes were detected in the three BC 2 plants. This result again suggests a poor paring between S. etuberosum and potato chromosomes in the BC 1 plants, although it is possible that recombinant chromosomes with a very small chromosome fragment shift were actually present in the BC 2 plants, but were undetected by the GISH technique. 
